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Annual  Report 


Tomosynthesis  Breast  Imaging:  Early  Detection  and 
Characterization  of  Breast  Cancer 

DAMD-97-1-7144 


Introduction 


Despite  recent  advances  in  mammography  imaging,  it  has  been  shown  that  many 
cancers  are  missed  by  mammography  [1-4].  One  of  the  main  reasons  cancers  are 
missed  is  that  they  are  masked  by  radiographically  dense  fibroglandular  breast 
tissue  which  may  be  overlying  or  encompassing  the  cancer  [5-11].  Standard 
mammography  techniques,  either  analog  (film)  or  digital,  suffer  from  the 
limitation  that  despite  breast  compression,  three-dimensional  anatomical 
information  is  projected  onto  a  two-dimensional  detector.  Tomosynthesis  is  a 
technique  that  allows  the  radiologist  to  view  individual  planes  of  the  breast, 
potentially  reducing  the  problem  of  superimposed  structures  that  may  limit 
conventional  mammography  techniques. 

TOMOSYNTHESIS 

Conventional  tomography  preceded  computed  tomography  and  was  preformed  by 
moving  the  x-ray  tube  through  a  limited  arc  to  blur  structures  above  or  below  a 
selected  plane  of  interest.  Conventional  tomography  provides  an  image  of  a  single 
tomographic  plane  for  each  movement  of  the  x-ray  source.  Features  in  only  one 
plane  of  the  image  remain  in  sharp  focus  while  projections  of  features  from  all 
other  planes  are  blurred.  Multiple  focal  planes  or  slices  require  much  higher 
doses.  Tomosynthesis,  however,  utilizes  a  digital  detector  and  acquisition  system 
to  provide  images  of  multiple  planes  from  a  single  movement  of  the  x-ray  source. 
This  is  accomplished  at  a  total  dose  approximately  equal  to  that  of  a  single 
mammographic  view.  Conventional  film-screen  tomography  is  usually 
accomplished  either  in  the  Twinning  method  (Figure  1),  in  which  the  x-ray  tube 
and  detector  are  moved  in  a  linear  path  on  opposite  sides  of  the  patient,  or  the 
Grossman  method,  in  which  the  motion  occurs  in  an  arc  on  opposite  sides  of  the 
patient.  We  have  developed  a  method  for  digital  tomosynthesis  breast  imaging 
where  the  x-ray  tube  is  moved  in  an  arc  above  the  stationary  breast  and  digital 
detector  [12]  as  shown  in  Figure  2.  By  shifting  and  adding  the  digital  images,  it  is 
possible  to  reconstruct  any  plane  in  the  breast  that  is  parallel  to  the  detector.  This 
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technique  can  provide  a  series  of  images  encompassing  the  entire  breast,  with 
each  image  displaying  only  one  plane  of  the  breast  in  sharp  focus. 
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Figure  1.  Conventional  linear  tomography  Figure  2.  Proposed  geometry  for 

using  the  Twinning  Geometry,  breast  tomosynthesis. 

Several  authors  [13-15]  have  demonstrated  the  use  of  tomosynthesis  with  film  as 
a  detector,  based  on  the  earlier  work  of  Ziedes  des  Plantes  [16].  Although  these 
studies  demonstrated  that  it  was  possible  to  use  film  as  a  detector,  the  system  was 
much  too  complicated  for  routine  clinical  use.  Miller  et  al.  concluded  that  in 
general,  images  must  be  obtained  from  at  least  eight  angles  to  obtain  a  high- 
quality  tomosynthesis  image  [13].  Electronic  image  acquisition  using  an  image 
intensifier  as  a  detector  and  an  analog-to-digital  converter  to  obtain  digital  images 
from  multiple  angles  has  been  used  in  numerous  studies  outside  mammography 
[17-25].  Unfortunately,  the  use  of  an  image  intensifier  with  a  curved  detector 
surface  has  limited  the  success  of  all  of  these  previous  attempts  at  digital 
tomosynthesis. 

Clinical  application  of  breast  tomosynthesis  has  been  delayed  by  the  lack  of  a  full 
field  flat  digital  detector  with  rapid  readout  time.  The  full  field  digital 
mammography  system  installed  at  our  institution  is  ideally  suited  for  breast 
tomosynthesis  because  of  the  following  properties:  1)  low  noise,  2)  high 
resolution,  3)  large  flat  detector  area  with  minimal  image  distortion,  and  4)  rapid 
image  readout  times. 


The  goals  of  the  first  year  of  this  grant  were  to: 

•  Develop  reconstruction  algorithms 

•  Optimize  the  technical  parameters 

•  Develop  phantoms  for  image  quality  and  detection  tasks. 
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Methods 

Our  current  method  for  tomosynthesis  imaging  utilizes  a  flat-panel  digital 
mammography  system  that  has  low  noise  and  a  300-millisecond  image  readout 
time.  Images  are  obtained  as  the  x-ray  tube  moves  in  an  are  above  the  breast.  X- 
ray  tube  motion  is  manual  and  a  precision  inclinometer  and  fiducial  marks  are 
used  for  angle  and  x-ray  tube  position  determination. 

This  system  requires  different  image  reconstruction  algorithms  than  used  in 
previous  systems,  whieh  were  based  on  either  the  Twinning  method  or  the 
Grossman  method.  A  complete  derivation  of  the  image  reconstruction  algorithms 
for  our  geometry  is  contained  in  referenee  [12].  Algorithm  development  will  be 
discussed.  Optimizing  the  techniques  for  digital  breast  tomosynthesis  have 
involved  three  primary  technical  variables.  These  variables  are  1)  radiation  dose, 
2)  total  tomographic  angle  and  3)  the  number  of  images.  These  variables  will  be 
primary  determinants  of  tomosynthesis  image  quality.  Discussed  below  are  the 
results  of  parameter  optimization  and  phantom  development. 

Algorithm  Development 

We  have  modified  our  early  algorithms  to  increase  the  speed  of  image 
reconstruetion.  Current  algorithms  are  written  in  MATLAB  software  and  will 
reconstruct  a  tomosynthesis  plane  in  approximately  one  minute.  This  compares  to 
approximately  ten  minutes  per  image  for  the  early  algorithms.  We  are  also 
investigating  several  methods  of  removing  the  contribution  of  out  of  plane 
structures.  In  addition  to  using  methods  previously  described  in  the  literature,  we 
are  collaborating  with  several  researchers  to  remove  the  out  of  plane  struetures 
from  the  reconstructed  image. 

The  removal  of  linear  streaking  artifacts  is  shown  in  Figure  9C  of  the  paper 
“Digital  Tomosynthesis  in  Breast  Imaging”  included  in  the  appendix. 

Optimization  of  Image  Acquisition  Parameters 


RADIATION  DOSE 

The  radiation  dose  needed  for  tomosynthesis  depends  upon  a  number  of  factors. 
First,  since  tomosynthesis  involves  acquiring  a  number  of  low  dose  images, 
system  or  electronic  noise  in  the  detector  and  read-out  electronics  is  critical.  For 
example,  if  a  tomosynthesis  data  set  consists  of  eight  images  with  the  total  dose 
equal  to  a  conventional  single  view  mammogram,  then  each  image  would  have  to 
be  obtained  at  approximately  one  eighth  the  radiation  dose  of  a  conventional 
mammogram.  One  advantage  of  tomosynthesis  is  that  the  x-ray  or  quantum  noise 
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in  the  final  reconstructed  image  is  determined  by  summing  all  of  the  images  and 
thus  by  the  total  radiation  dose.  However,  for  low  dose  images  it  is  possible  that 
electronic  noise  may  be  a  substantial  fraction  of  the  total  noise.  Therefore,  for 
tomosynthesis  a  low  noise  detector  is  essential  and  the  detector  should  be 
quantum  limited  even  at  doses  which  may  be  10  to  20%  of  the  dose  of  a 
conventional  mammogram. 

Another  issue  for  radiation  dose  in  tomosynthesis  is  the  angle  of  the  projections. 
For  example,  at  an  angle  of  20  degrees  from  the  normal  to  the  detector  the 
effective  breast  thickness  is  increased  by  about  5%.  Thus,  a  slightly  higher  dose 
may  be  needed  for  large  angles  to  keep  the  noise  of  these  images  similar  to  those 
obtained  near  at  zero  degrees. 

Results  indicate  that  a  radiation  dose  of  one  to  1.5  times  higher  than  conventional 
mammography  will  provide  high  quality  tomosynthesis  images  and  distributing 
the  dose  with  slightly  higher  exposures  at  the  start  and  finish  of  the  tube  arc  will 
result  in  improved  tomographic  images. 

TOMOGRAPHIC  ANGLE 

The  total  tomographic  angle  or  the  total  arc  used  for  the  x-ray  tube  motion  will 
effect  image  quality.  The  thickness  of  the  in-focus  plane  in  the  direction 
perpendicular  to  the  detector  is  inversely  related  to  the  total  angle  used.  From  an 
image  quality  standpoint,  a  larger  angle  creates  more  misregistration  of  objects 
above  and  below  the  plane  of  interest  that  is  beneficial.  This  will  result  in  more 
spread  of  the  out-of  plane  structures  and  improve  the  overall  image.  The  trade-off 
is  in  the  total  number  of  images  that  may  need  to  be  viewed.  For  example,  if  the 
total  tomographic  arc  is  40  degrees  the  in-focus  plane  thickness  is  approximately 
2  mm.  For  a  tomographic  angle  of  20  degrees  the  in-focus  plane  would  be  about  4 
mm.  Thus  for  a  larger  angle,  image  quality  may  be  improved  but  at  the  eost  of 
having  to  reconstruct  and  view  twice  as  many  images. 

For  large  angles  beyond  ±20  degrees  several  other  issues  arise,  including  the 
increased  breast  thickness  which  must  be  transversed  at  steep  angles,  and  the 
possibility  that  some  of  the  breast  tissue  will  not  appear  on  the  detector.  Our 
results  indicate  a  tomographic  angle  of  30  to  40  degrees  is  appropriate. 

NUMBER  OF  IMAGES 

The  next  technical  parameter  that  must  be  considered  is  the  total  number  of 
images  that  will  be  acquired.  As  mentioned  earlier  if  a  very  large  number  of 
images  are  acquired  the  possibility  of  electronic  noise  becoming  a  major  noise 
source  in  the  image  is  increased.  There  are  also  image  quality  issues.  First  more 
images  provides  more  complete  blurring  of  out-of-plane  structures  and  a 
reduction  in  the  amount  of  high  frequency  information  form  out-of-plane 
structures. 
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The  other  major  consideration  is  the  total  imaging  time  and  how  patient  motion  is 
affected.  Our  initial  experience  indicates  that  seven  to  ten  images  will  be  required 
at  a  total  dose  approximately  equal  to  a  conventional  mammogram.  For  seven  to 
ten  images,  each  exposure  would  be  approximately  100  to  200  milliseconds  plus  a 
300-millisecond  readout  time.  If  the  x-ray  source  motion  takes  place  during  the 
300-millisecond  image  readout  time,  total  image  acquisition  time  would  be  three 
to  five  seconds.  This  length  of  time  is  common  for  magnification  views,  and 
patient  motion  is  not  expected  to  be  a  major  problem. 


Phantom  Development 


We  have  developed  a  new  image  quality  phantom  specifically  for  the  purpose  of 
evaluating  tomosynthesis  images.  This  phantom  contains  two  fine  wires  (20 
micron  thick)  at  7  degrees  and  20  degrees  to  evaluate  the  modulation  transfer 
function  of  tomosynthesis.  In  addition,  the  phantom  contains  structures  at 
different  levels  to  evaluate  the  ability  of  tomosynthesis  to  blur  out  of  plane 
structures.  This  phantom  was  constructed  by  CIRS  (Computerized  Image 
Reference  Systems,  Norfolk,  VA)  using  a  5-cm  thick  phantom  of  BR12  breast 
equivalent  material. 

The  results  with  this  phantom  indicate  the  blurring  increases  with  increasing 
tomographic  angle  as  predicted.  The  amount  of  blur  is  also  similar  to 
conventional  tomography  for  comparable  tomographic  arc.  The  blur  is  not  as 
uniform  as  conventional  tomography  because  the  tube  motion  is  a  step  and  expose 
rather  than  the  continuous  tube  motion  used  in  conventional  tomography. 

Images  of  an  ACR  phantom  indicate  that  small  objects  are  still  detectable  with 
tomosynthesis  including  the  third  spec  group  in  the  ACR  phantom  at  doses 
comparable  to  conventional  mammography.  The  MTF  is  slightly  degraded  in  the 
in-focus  plane  compared  to  a  conventional  digital  image  using  the  same  detector, 
however,  because  the  tube  is  not  moving  during  exposures  the  MTF  is  higher  than 
that  for  conventional  tomography. 

Complex  phantom  development  is  imderway.  These  phantoms  will  be  used  in  the 
second  year  of  the  study  for  an  observer  study.  We  are  investigating  two  types  of 
phantoms  and  have  had  several  prototypes  constructed  by  CIRS.  These  phantoms 
will  contain  simulated  fat,  glandular  and  disease  (masses  and  microcalcification 
clusters). 
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Conclusions 


The  potential  advantages  of  tomosynthesis  compared  to  conventional 
mammography  are  outlined  beloAV. 

INCREASED  SENSITIVITY,  AND  IMPROVED  ABILITY  TO  DETECT 
CANCERS  IN  DENSE  BREAST  TISSUE 

Tomosynthesis  may  prove  to  be  a  valuable  screening  tool  for  women  with  dense 
breasts.  The  ability  to  “see  into  the  middle”  of  the  breast  by  blurring  the 
superimposed  structures  will  potentially  allow  significant  improvements  in  the 
sensitivity  of  mammography  screening. 

INCREASED  SPECIFICITY  AND  ABILITY  TO  CHARACTERIZE  A  LESION 
Current  mammographic  techniques  have  poor  specificity;  in  the  United  States  70- 
90%  of  all  breast  biopsies  are  negatives  [26-28].  Tomosynthesis  will  provide  the 
radiologist  with  an  improved  image  of  a  potential  lesion  by  blurring  the  structures 
above  and  below  the  lesion.  This  may  allow  the  radiologist  to  have  improved 
confidence  in  lesion  classification  and  decrease  the  fraction  of  negative  biopsies. 
The  improved  visualization  of  lesion  borders  may  also  display  spiculations  that 
are  characteristic  of  malignant  lesions.  It  may  be  possible  to  perform  the 
diagnostic  evaluation  of  a  lesion  with  tomosynthesis,  thus  reducing  the  radiation 
total  radiation  exposure  compared  to  a  standard  diagnostic  examination,  which 
may  involve  up  to  ten  mammograms.  This  would  save  time  and  reduce  patient 
radiation  exposure. 

IMPROVED  DISCRIMINATION  OF  SUPERIMPOSED  STRUCTURES  FROM 
BREAST  CANCER 

Many  women  who  are  called  back  for  additional  evaluations  after  mammography 
screening  are  recalled  because  normal  breast  structures  may  superimpose  and 
mimic  a  breast  cancer  [26].  A  set  of  tomosynthesis  images  may  be  used  to 
discriminate  between  superimposed  tissues  and  real  masses,  thus  eliminating 
these  unnecessary  callbacks.  These  unnecessary  callbacks  lead  to  higher  health 
care  costs  and  also  to  significant  anxiety  for  women  and  their  families. 
Tomosynthesis  will  also  provide  three-dimensional  information  concerning  the 
dimensions  of  a  lesion,  whether  microcalcifications  are  associated  with  a  mass, 
and  how  they  are  distributed.  The  three  dimensional  distribution  of  calcifications 
is  thought  to  be  a  useful  indicator  in  discriminating  benign  versus  malignant 
lesions  [29]. 

DECREASED  BREAST  COMPRESSION 

In  conventional  mammography  firm  breast  compression  is  important  to  spread 
normal  breast  anatomy  to  improve  the  detection  of  lesions.  In  tomosynthesis,  it 
may  be  possible  to  use  less  compression,  since  blurring  of  out-of-plane  structures 
(breast  structures  that  are  above  or  below  the  plane  of  interest)  actually  increases 
with  less  compression.  Limited  compression  will  still  be  required  to  minimize 
patient  motion. 

In  summary,  the  proposed  tomosynthesis  method  has  several  imique  features  that 
include  a  stationary  detector  and  a  x-ray  tube  that  moves  in  an  arc  above  the 
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breast.  This  geometry  has  several  advantages:  1)  there  are  no  moving  parts  near 
the  breast  or  abdomen,  2)  existing  mammography  machines  may  be  easily  altered 
to  allow  this  type  of  motion  since  many  already  provide  the  ability  for  the  x-ray 
tube  to  move  in  an  arc  above  the  breast  and  3)  a  unit  modified  to  do 
tomosynthesis  imaging  using  this  design  will  still  be  completely  usable  for  routine 
breast  imaging.  A  dedicated  tomosynthesis  system  is  not  required. 

The  work  done  in  the  first  year  of  this  grant  has  laid  the  groundwork  for  the 
continued  development  and  testing  of  Breast  tomosynthesis.  This  project  will 
perform  observer  studies  in  the  next  year  to  verify  the  clinical  benefits  of  breast 
tomosynthesis.  Algorithm,  parameter  optimization  and  phantom  development 
have  been  completed  or  near  completion.  The  investigators  have  published  three 
papers  on  breast  tomosynthesis  in  the  first  year  of  the  grant.  The  proceeding 
article  from  the  Nijmegen,  Netherlands  conference  -  The  International  Digital 
Mammography  Workshop  was  used  as  the  basis  of  this  report  since  it  was 
reporting  on  the  technical  progress.  The  other  two  articles  are  attached. 
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Digital  Tomosynthesis  in  Breast  Imaging^ 


PURPOSE:  To  describe  and  evaluate 
a  method  of  tomosynthesis  breast 
imaging  with  a  full-field  digital 
mammographic  system. 

MATERLMS  AND  METHODS:  In 
this  tomosynthesis  method,  low- 
radiation-dose  images  were  acquired 
as  the  x-ray  source  was  moved  in  an 
arc  above  the  stationary  breast  and 
digital  detector.  A  step-and-expose 
method  of  imaging  was  used.  Breast 
tomosynthesis  and  conventional  im¬ 
ages  of  two  imaging  phantoms  and 
four  mastectomy  specimens  were 
obtained.  Three  experienced  readers 
scored  the  relative  lesion  visibility, 
lesion  margin  visibility,  and  confi¬ 
dence  in  the  classification  of  six 
lesions. 

RESULTS:  Tomosynthesis  image- 
reconstruction  algorithms  allow  to¬ 
mographic  imaging  of  the  entire 
breast  from  a  single  arc  of  the  x-ray 
source  and  at  a  radiation  dose  com¬ 
parable  with  that  in  single-view 
mammography.  Except  for  images  of 
a  large  mass  in  a  fatty  breast,  the  to¬ 
mosynthesis  images  were  superior  to 
the  conventional  images. 

CONCLUSION:  Digital  mammo¬ 
graphic  systems  make  breast  tomo¬ 
synthesis  possible.  Tomosynthesis 
may  improve  the  specificity  of  mam¬ 
mography  with  improved  lesion 
margin  visibility  and  may  improve 
early  breast  cancer  detection,  espe¬ 
cially  in  women  with  radiographi¬ 
cally  dense  breasts. 


The  best  method  of  detecting  early 
stage  breast  cancer  is  mammog¬ 
raphy  (iX  It  has  been  shown  that  find¬ 
ing  breast  cancer  in  its  early  stages 
saves  lives  (2).  Even  with  the  recent 
advances  in  mammographic  imaging, 
10%-30%  of  breast  cancers  may  be 
missed,  and  other  cancers  are  not  de¬ 
tected  early  enough  to  make  a  cure 
possible  (3-7),  The  main  reason  that 
breast  cancers  are  missed  is  that  the 
cancer  is  often  obscured  by  radio¬ 
graphically  dense,  fibroglandular 
breast  tissue  (8-14).  Holland  and  col¬ 
leagues  (8)  found  that  76%  of  missed 
cancers  were  in  dense  breasts. 

This  article  describes  a  tomosynthe¬ 
sis  method  that  allows  the  radiologist 
to  see  through  the  "structured  noise" 
of  normal  breast  tissue  to  improve  the 
detection  and  characterization  of  early 
breast  cancer.  In  conventional  screen- 
film  tomography,  the  x-ray  source  and 
the  screen-film  detector  move  in  op¬ 
posite  directions,  so  that  only  features 
in  one  plane  of  the  image  remain  in 
sharp  focus.  In  tomography,  one  expo¬ 
sure  is  necessary  for  each  imaged 
plane.  One  of  two  tomographic  meth¬ 
ods  is  typically  used:  the  Twinning 
method  (Fig  1)  or  the  Grossman 
method  (Fig  2).  In  the  tomos5mthesis 
method  proposed  here  (Fig  3),  mul¬ 
tiple  images  are  acquired  as  the  x-ray 


tube  is  moved  in  an  arc  above  the  sta¬ 
tionary  breast  and  detector.  The  radia¬ 
tion  dose  is  low  for  the  acquisition  of 
images  at  each  angle,  and  the  total 
radiation  dose  for  the  acquisition  of 
all  of  the  images  is  equivalent  to  or 
slightly  higher  than  the  dose  in  stan¬ 
dard  single-view  mammography.  By 
shifting  and  adding  the  digital  im¬ 
ages,  it  is  possible  to  reconstruct  any 
plane  in  the  breast  that  is  parallel  to 
the  detector.  This  technique  can  pro¬ 
vide  a  series  of  images  of  the  entire 
breast,  with  each  image  displaying 
only  one  plane  of  the  breast  in  sharp 
focus. 

Several  authors  (15-17)  have  dem¬ 
onstrated  tomos)mthesis  with  film  as 
a  detector  by  using  the  methods  de¬ 
rived  by  Ziedses  des  Plantes  (18). 
Miller  and  colleagues  (15)  concluded 
that,  in  general,  images  must  be  ob¬ 
tained  from  at  least  eight  angles  to 
produce  a  high-quality  tomos5mthesis 
image.  Although  these  authors  dem¬ 
onstrated  that  it  was  possible  to  use 
film  as  a  detector,  the  system  was  too 
complicated  for  routine  clinical  use. 

Electronic  image  acquisition  has 
been  performed  by  using  an  image 
intensifier  as  a  detector  and  an  ana- 
log-to-digital  converter  to  obtain  digi¬ 
tal  images  from  multiple  angles  in 
numerous  applications  of  tomos5m- 


Index  terms:  Breast  neoplasms,  radiography,  00.30, 00.121  •  Breast  radiography,  radiation  dose, 
00.121  •  Breast  radiography,  technology,  00.121  •  Radiography,  digital,  00.121  •  Radiography,  tech¬ 
nology,  00.121 
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Figures  1-3.  (1)  Twiiming  geometry  for  tomographic  imaging.  The  x~ray  source  and  detector  move  parallel  to  the  in-focus  tomographic  plane, 
a  =  tomographic  angle.  (2)  Grossman  geometry  for  tomographic  imaging.  The  x-ray  source  and  detector  move  in  an  arc.  (3)  Proposed  geometry 
for  breast  tomos5mthesis.  The  x-ray  source  is  stationary  during  each  x-ray  exposure  and  is  then  moved  along  an  arc  above  the  breast  to  the  next 
position.  The  number  of  positions  is  variable.  The  breast  and  digital  detector  remain  stationary.  Z  =  distance  above  the  digital  detector,  <|)  =  x- 
ray-source  angle. 


thesis  outside  of  mammography  (19- 
27).  Both  linear  and  circular  x-ray- 
tube  motions  have  been  investigated. 
The  feasibility  of  tomosynthesis  has 
been  demonstrated  in  angiography 
(20-22,24,26).  Tomosynthesis  has  also 
been  investigated  in  tomography  of 
the  lung  (20)  and  the  ear  (27)  and  in 
knee  arthrography  (20).  Images  supe¬ 
rior  to  conventional  tomograms  have 
been  obtained  by  reducing  the  streak 
artifacts  by  means  of  one-dimensional 
filtering  of  the  linear  tomosynthesis 
images  (19,27-29).  Chakraborty  and 
colleagues  (27)  have  suggested  a  one¬ 
dimensional,  unsharp  masking  tech¬ 
nique  called  self-masking  tomosyn¬ 
thesis.  Additional  methods  to  reduce 
the  contribution  of  out-of-focus  struc¬ 
tures  to  the  in-focus  plane  have  been 
explored  (30-32),  Unfortunately,  the 
use  of  an  image  intensifier  with  a 
curved  detector  surface  has  limited 
the  success  of  these  previous  attempts 
at  digital  tomosynthesis. 

Despite  numerous  studies  that  have 
explored  the  use  of  tomos5mthesis, 
successful  clinical  application  has 
been  delayed  by  the  lack  of  a  full- 
field,  flat,  digital  detector  with  rapid 
readout.  Digital  imaging  technology 
has  now  been  introduced  that  makes 
tomosynthesis  imaging  of  the  breast 
practical  in  a  clinical  setting.  The  full- 
field,  digital  mammographic  system 
undergoing  clinical  evaluation  at  our 
institution  is  ideally  suited  for  the 
clinical  application  of  tomosynthesis 
because  of  the  following  properties: 
low  noise;  large,  flat  surface  area  with 
minimal  image  distortion;  and  rapid 
image  readout. 

The  proposed  method  of  tomosyn¬ 
thesis  was  developed  at  our  institu¬ 
tion  and  represents  an  extension  of  the 


technology  described  in  earlier  re¬ 
ports.  The  main  differences  between 
this  and  previous  studies  are  primar¬ 
ily  the  use  of  a  stationary  detector  and 
of  existing  mechanical  arm  systems 
that  translate  the  x-ray  tube  in  an  arc 
above  the  detector.  We  have  derived 
reconstruction  methods  to  allow  to¬ 
mosynthesis  image  reconstruction  for 
this  geometry.  We  believe  that  tomo¬ 
synthesis  has  the  potential  to  improve 
current  mammographic  imaging  by 
increasing  the  sensitivity  and  specific¬ 
ity  in  the  detection  of  breast  carci¬ 
noma.  Thus,  we  performed  this  study 
to  describe  and  evaluate  a  method  of 
tomosynthesis  breast  imaging  with  a 
full-field  digital  mammographic  sys¬ 
tem. 


MATERIALS  AND  METHODS 

A  schematic  of  the  mammographic  sys¬ 
tem  used  for  digital  breast  tomosynthesis 
is  shown  in  Figure  4.  The  basic  system  is  a 
mammographic  system  (model  DMR;  GE 
Medical  Systems,  Milwaukee,  Wis)  with  a 
full-field  digital  image  receptor.  The  sys¬ 
tem  has  been  modified  to  allow  imaging  at 
any  angle  up  to  ±27°  from  the  perpendicu¬ 
lar  to  the  detector.  As  shown  in  Figure  4, 
the  x-ray  source  pivots  about  a  point 
above  the  detector.  The  x-ray  source  is  sta¬ 
tionary  during  the  exposure  and  then  is 
manually  moved  to  the  next  position  be¬ 
fore  the  next  image  is  obtained. 

The  digital  detector  is  composed  of  ce¬ 
sium  iodide  phosphor  on  an  amorphous 
silicon  transistor-photodiode  array.  This 
detector  was  developed  by  General  Elec¬ 
tric  Corporate  Research  and  Development 
(Schenectady,  NY).  The  pixel  pitch  is  100 
pm  and  the  image  readout  time  is  300 
msec.  The  tomosynthesis  images  were  ob¬ 
tained  without  an  antiscatter  grid  to  avoid 
grid  cutoff  for  the  angled  projections.  The 
x-ray-source  angle  ((|)  in  Fig  3)  was  deter- 


Figure  4.  Mammographic  system  used  for 
tomosynthesis.  The  x-ray  tube  is  on  a  rigid 
mechanical  arm  that  pivots  about  a  point 
above  the  breast. 


mined  with  a  precision  inclinometer 
(model  02538-01;  Lucas  Control  System 
Products,  Hampton,  Va)  with  a  range  of 
±20°  and  an  accuracy  of  ±0.1°  for  0°-10° 
and  of  ±1%  for  10°-20°. 

The  tomosynthesis  projection  images 
were  obtained  at  discrete  x-ray-source  po¬ 
sitions  as  the  tube  was  moved  above  the 
breast,  as  shown  in  Figure  5.  For  simplic¬ 
ity,  only  four  x-ray-source  positions  are 
shown  in  Figure  5;  however,  the  number  of 
x-ray-source  positions  is  variable.  The  to- 
mos5mthesis  images  in  any  plane  in  the 
breast  may  be  reconstructed  by  using  the 
method  shown.  The  projection  images 
from  x-ray-source  positions  1-4  were 
transformed,  as  described  in  the  Appen¬ 
dix,  to  simulate  images  obtained  from 
x-ray-source  positions  la-4a  (Fig  5).  After 
transformation  of  the  images,  the  geom¬ 
etry  is  similar  to  Twinning  geometry,  ex¬ 
cept  that  the  detector  does  not  move.  De- 


400  •  Radiology 


November  1997 


Actual  X-ra>'  Tube  ^ 
Positions  1-4 


Simulated  X-ray 
3a  Tube  Positions  la-4a 

'  /% 


Axis  of  Rotation 


^  Breast 


^Image  Detector 


Images  from 
Tube  Positions  1  -4 


Transformed 

Images 


Shift  and  Add  to  Reconstruct^ 

H  Tomosynthesis  Image 


Figure  5.  Tomosynthesis  reconstruction  method  with  four  x-ray-tube  positions  shown.  Im¬ 
ages  are  obtained  from  positions  1-4  and  are  transformed,  by  using  the  algorithms  described 
in  the  Appendix,  to  construct  images  that  would  be  obtained  from  source  positions  la^a. 
These  images  simulate  tomographic  images  obtained  by  using  Twinning  geometry  and  may  be 
shifted  and  combined  to  create  a  tomosynthesis  image  at  any  level  in  the  breast.  Z  =  distance 
above  the  digital  detector,  (j)  =  x-ray-source  angle. 


tector  motion  is  simulated  by  shifting  the 
images  in  the  computer.  The  transforma¬ 
tion  and  shifting  algorithms  may  be  re¬ 
peated  to  reconstruct  the  tomographic 
planes  at  any  height  above  the  detector. 
The  mathematic  reconstruction  algorithms 
are  derived  in  the  Appendix. 

Images  were  obtained  in  one  of  two  to¬ 
mographic  phantoms  (one  made  by  Picker 
International,  Cleveland,  Ohio,  and  the 
other  the  accreditation  phantom  of  the 
American  College  of  Radiology  [ACR], 
Reston,  Va).  The  tomos5mthesis  images  of 
both  phantoms  were  obtained  with  the 
following  parameters:  26  kVp,  molybde¬ 
num  filter,  molybdenum  target,  20  mAs 
per  view,  and  nine  views  at  -20°,  —15°, 
-10°,  -5°,  0°,  5°,  10°,  15°,  and  20°  from  the 
detector  perpendicular.  A  conventional 
screen-film  image  of  the  ACR  phantom 
was  obtained  at  26  kVp  and  126  mAs  with 
a  molybdenum  target  and  a  molybdenum 
filter.  The  total  mean  glandular  radiation 
dose  for  the  tomosynthesis  images  was  1.4 
times  that  for  the  conventional  screen-film 
images.  A  conventional  digital  image  of 
the  ACR  phantom  also  was  obtained  by 
using  the  same  technique  as  in  screen-film 


imaging,  except  that  120  mAs  was  used. 
Radiation  dose  estimates  for  the  tomosyn¬ 
thesis  projection  images,  compared  to 
those  for  the  conventional  images,  take 
into  account  differences  in  the  source-to- 
object  distance  and  in  the  x-ray-path 
length  through  the  object. 

Images  of  four  unfixed  mastectomy 
specimens  were  obtained.  The  specimens 
were  placed  in  a  polymerized  methyl 
methacrylate  box  and  compressed  by  us¬ 
ing  a  movable  top  plate.  Tomosynthesis 
specimen  images  were  obtained  at  seven 
to  nine  projections  and  with  a  total  tomo¬ 
graphic  angle  of  30°-40°.  The  total  radia¬ 
tion  dose  was  varied  0.89-1.74  times  that 
in  conventional  mammography  in  the 
same  specimen.  Tomosynthesis  images  of 
the  specimens  were  reconstructed  on  a 
workstation  (Sparc  20;  Sun  Microsystems, 
Mountain  View,  Calif).  After  the  initial  im¬ 
ages  were  acquired  for  each  angle,  we  re¬ 
constructed  tomographic  images  at  1.5- 
3.0-mm  spacing  to  display  in-focus 
tomosynthesis  images  of  the  entire  breast. 

Conventional  screen-film  mammograms 
were  obtained  with  film  (MR5II;  Agfa, 
Ridgefield  Park,  NJ)  and  screens  (MR  de¬ 


Figure  6.  Tomosynthesis  image  of  a  Picker 
tomographic  phantom  reconstructed  at  3  cm 
above  the  detector  platform  demonstrates  the 
thickness  of  the  in-focus  plane  for  the  tube 
motion. 


tail;  Agfa)  by  using  extended  processing. 
These  images  were  obtained  with  auto¬ 
matic  exposure  control  by  using  a  conven¬ 
tional  screen-film  system.  The  kilovolt 
peak,  focal  spot  sizes,  radiation  output, 
and  half-value  layers  of  this  imit  were  all 
closely  matched  to  those  of  the  digital  imit. 

The  two  units  were  installed  in  the  same 
room,  and  adjustments  were  made  to 
match  the  above  parameters  during  instal¬ 
lation.  A  molybdenum  target  and  a  molyb¬ 
denum  filter  were  used  to  obtain  all  of  the 
specimen  images,  which  included  the  digi¬ 
tal,  tomosynthesis,  and  screen-film  images. 

A  preliminary  reader  study  was  per¬ 
formed  to  compare  tomosynthesis  images 
with  screen-film  images  of  all  lesions  in 
the  specimens.  The  conventional  screen- 
film  image  was  shown  next  to  the  tomo¬ 
graphic  image  that  best  demonstrated  the 
mass  or  calcification  in  each  specimen  on  a 
standard,  high-intensity,  mammographic 
view  box.  The  digital  tomosynthesis  im¬ 
ages  were  printed  by  using  a  laser  imager 
(40  pm  pixel  size;  Agfa). 

Three  board-certified  radiologists 
(D.B.K.,  RJ.S.,  A.A.G.)  with  special  exper¬ 
tise  in  mammography  were  asked  to  com¬ 
pare  the  visibility  of  a  mass  or  a  cluster  of 
calcifications  in  each  specimen.  Before 
reading,  the  location  of  the  lesion  was 
identified  by  an  expert  reader  (D.B.K.)  and 
marked  with  an  arrow.  The  readers  scored 
the  lesion  visibility,  lesion  margin  visibil¬ 
ity,  and  confidence  in  the  classification  of 
benign  versus  malignant  lesions.  Scoring 
was  based  on  a  five-point  scale:  (a)  conven¬ 
tional  images  were  diagnostically  superior, 

(b)  conventional  images  were  superior, 

(c)  conventional  and  tomosynthesis  images 
were  equal,  (d)  tomosynthesis  images  were 
superior,  and  (e)  tomosynthesis  images 
were  diagnostically  superior. 

RESULTS 

Figure  6  is  a  tomosynthesis  image 
obtained  in  a  tomography  phantom 
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Figure  7.  Images  of  the  ACR  phantom,  (a)  Digital  tomosynthesis  image, 
(b)  Conventional  digital  image,  (c)  Screen-film  image. 


reconstructed  to  have  an  in-focus 
plane  at  3  cm  above  the  detector  plat¬ 
form.  This  figure  demonstrates  the 
thickness  of  the  in-focus  plane.  This 
image  was  obtained  at  a  total  tomo¬ 
synthesis  angle  (2  X  (|>  in  Fig  3)  of 
40°.  This  40°  tomosynthesis  angle  is 
equivalent  to  a  tomographic  angle  of 
29.4°  (a  in  Fig  1)  in  conventional  lin¬ 
ear  tomography  for  an  in-focus  plane 
at  3  cm  above  the  detector  platform. 
The  in-focus  plane  thickness  would  be 
expected  to  be  2.5  mm  for  this  tomo¬ 
graphic  angle  according  to  conventional 
geometry  (33).  This  calculated  in-focus 
plane  thickness  agrees  well  with  that  in 
the  tomosynthesis  image  (Fig  6). 

Images  of  an  ACR  phantom  ob¬ 
tained  by  using  tomosynthesis,  con¬ 
ventional  screen-film  imaging,  and 
conventional  digital  imaging  are 
shown  in  Figure  7.  The  tomosynthesis 
image  of  the  ACR  phantom  was  re¬ 
constructed  at  the  level  of  the  targets. 
The  masses  and  fibers  are  seen  as  well 
with  tomosynthesis  as  with  conven¬ 
tional  digital  imaging.  The  fourth  cal¬ 
cification  group  is  seen  with  tomo¬ 
synthesis,  but  not  as  clearly  as  with 
conventional  imaging.  The  borders  of 
the  calcifications  are  not  as  sharp  on 
the  tomosynthesis  image  as  they  are 
on  the  conventional  images,  because 
the  tomosynthesis  image  is  the  summa¬ 
tion  of  nine  different  projections.  None¬ 
theless,  the  image  quality  of  the  tomo¬ 
synthesis  image  is  sufficient  to  pass  the 
ACR  criteria  for  phantom  images  (34). 


The  preliminary  reader  scores  are 
shown  in  the  Table.  Except  for  the  to¬ 
mosynthesis  images  of  a  3-cm  mass  in 
a  fatty  breast,  the  tomosynthesis  im¬ 
ages  were  judged  to  be  superior  in 
lesion  visibility,  margin  visibility,  and 
confidence  in  classification.  In  the 
three  subtle  lesions,  which  were  in 
regions  of  radiographically  dense  tis¬ 
sue,  tomosynthesis  images  were 
judged  to  be  diagnostically  superior 
by  at  least  two  of  the  three  radiolo¬ 
gists  for  the  three  parameters.  Images 
of  two  of  the  specimens  are  shown  in 
Figures  8  and  9. 

Figure  8  shows  tomosynthesis  and 


standard  screen-film  images  of  mas¬ 
tectomy  specimen  1  (Table),  which 
contained  a  mass  with  associated  cal¬ 
cifications  distributed  over  a  3-cm^ 
area.  The  tomosynthesis  images  were 
reconstructed  from  seven  projections 
obtained  from  -15°  to  +15°  in  incre¬ 
ments  of  5°.  The  total  mean  glandular 
radiation  dose  for  acquisition  of  all  of 
the  tomosynthesis  images  was  1.06 
times  the  radiation  dose  for  acquisi¬ 
tion  of  a  single- view,  screen-film 
mammogram.  As  indicated  in  the 
Table,  the  mass  is  difficult  to  detect  on 
the  conventional  image  (Fig  8a).  How¬ 
ever,  the  mass  is  clearly  demonstrated 
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Preliminary  Reader  Study:  Tomosynthesis  versus  Conventional  Imaging  of  Mastectomy  Specimens 
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Tomographic 
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Tomosynthesis 

X-ray- 
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Imaging 

Conventional 

synthesis 
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Imaging 

Specimen 
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Diagnostically 

Imaging 

Imaging 

Imaging 

Diagnostically 
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Description 

Arc 

Dose* 

Parameter 

Superior 

Superior 

Equal 

Superior 

Superior 

1 

Subtle  irregular  mass 

30° 

1,06 

Lesion  visibility 

__ 

- 

+ 

+  + 
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- 
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” 
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visibility 
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2 

Subtle  calcification 
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Lesion  visibility 
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Lesion  visibility 

- 

- 
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_ 
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4 

3-cm  mass  with 

30° 

1.74 

Lesion  visibility 

+  +  + 

— 

“ 

irregular  margins 

Lesion  margin 

- 

+ 

+ 

_ 
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_ 

_ 
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- 

- 
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Note— Scores  are  for  three  readers;  each  individual  score  is  marked  by  a  A  indicates  that  there  is  no  score.  One  reader  did  not  score  the  margin  vis¬ 

ibility  of  the  calcification  cluster. 

*  The  ratio  of  the  mean  glandular  radiation  dose  for  tomosynthesis  (sum  of  the  doses  from  all  projections)  to  that  for  conventional  imaging. 


b.  c. 


Figure  8.  Images  of  a  mastectomy  specimen  that  contains  a  subtle  mass  and  associated  calcifications,  (a)  Screen-film  image  obtained  at  26  kVp 
and  197  mAs  faintly  shows  the  mass  (arrow),  (b)  Tomosynthesis  image  reconstructed  at  7.1  cm  above  the  detector  demonstrates  the  mass  (ar¬ 
row),  which  was  difficult  to  detect  on  a.  Tomosynthesis  images  were  obtained  at  5°  intervals  over  a  30°  arc.  Each  image  was  obtained  at  26  kVp 
and  30  mAs.  The  total  mean  glandular  radiation  dose  for  acquisition  of  the  tomosynthesis  images  was  approximately  equal  to  the  radiation  dose 
for  acquisition  of  one  screen-film  image  in  the  same  specimen,  (c)  TomoS5mthesis  image  reconstructed  with  the  in-focus  plane  at  6.4  cm  above . 
the  detector  shows  a  group  of  microcalcifications  (arrow)  at  this  level. 


on  the  tomosynthesis  image  recon¬ 
structed  at  7.1  cm  above  the  detector 
(Fig  8b).  The  tomos)aithesis  image 
reconstructed  at  6.4  cm  above  the  de¬ 
tector  demonstrates  several  calcifica¬ 
tions  at  this  level  (Fig  8c).  Figure  8c 


demonstrates  the  ability  to  maintain 
the  contrast  and  sharpness  of  small 
objects  in  the  reconstructed  plane 
wth  the  algorithms.  Figure  8  also 
demonstrates  the  ability  to  determine 
whether  calcifications  are  associated 


with  a  mass  and  the  three-dimen¬ 
sional  relationships  between  masses 
and  calcifications. 

Figure  9  shows  tomosynthesis  im¬ 
ages  and  standard  projection  digital 
images  of  mastectomy  specimen  3 
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a-  b.  c. 

Figure  9.  Images  of  a  mastectomy  specimen  that  contains  two  masses  in  the  upper  central  regions  of  the  images  and  an  area  of  architectural 
distortion  in  the  lower  right,  (a)  Conventional  digital  image  obtained  at  25  kVp  and  100  mAs.  (b)  Tomosynthesis  image  with  the  in-focus  plane 
at  4.45  cm  above  the  detector  demonstrates  two  masses  and  an  area  of  architectural  distortion.  One  of  the  masses  and  the  area  of  architectural 
distortion  are  better  depicted  on  b  than  on  a.  The  tomosynthesis  images  were  obtained  at  nine  positions  at  -20°  to  +20°  from  the  detector  per¬ 
pendicular  at  5°  intervals.  Each  image  was  obtained  at  25  kVp  and  10  mAs.  The  total  mean  glandular  radiation  dose  for  acquisition  of  the  tomo¬ 
synthesis  images  was  0.89  times  that  for  acquisition  of  the  conventional  images  in  the  same  specimen,  (c)  Same  tomosynthesis  image  as  b  but 
with  self-masking  with  a  kernel  that  corresponds  to  200  pixels  (2  cm). 


(Table),  which  contained  two  masses 
and  an  area  of  architectural  distortion. 
The  digital  image  (Fig  9a)  was  ob¬ 
tained  with  conventional  imaging  ge¬ 
ometry  by  using  the  same  technical 
parameters  as  in  screen-film  imaging. 
One  mass  is  clearly  visible  on  the  con¬ 
ventional  digital  image;  however,  the 
margins  are  better  depicted  on  the 
tomosynthesis  image  (Fig  9b)  recon¬ 
structed  at  4.45  cm  above  the  detector. 
Another  mass  slightly  above  and  to 
the  left  of  the  first  mass  is  seen  on  the 
tomosynthesis  image  but  not  on  the 
conventional  image.  In  addition,  a 
lower-right  area  of  architectural  dis¬ 
tortion  is  displayed  well  on  tomosyn¬ 
thesis  images  but  poorly  on  the  con¬ 
ventional  image  (Fig  9).  The  total 
mean  glandular  dose  for  tomosynthe¬ 
sis  imaging  was  0.89  times  the  dose 
for  conventional  imaging.  Thus,  even 
at  a  radiation  dose  less  than  the  dose 
for  acquisition  of  a  single  mammo¬ 
gram,  the  tomosynthesis  images  pro¬ 
vide  improved  lesion  visibility  com¬ 
pared  with  the  lesion  visibility  on 
conventional  images. 

Figure  9c  is  a  self-masking  tomo¬ 
synthesis  image  obtained  at  the  same 
level  as  Figure  9b,  at  4.45  cm  above 
the  detector,  by  using  a  method  simi¬ 
lar  to  that  of  Chakraborty  and  col¬ 
leagues  (27).  In  the  self-masking  tomo- 
s)mthesis  method,  a  one-dimensional, 
unsharp  mask  is  used  to  reduce  streak¬ 
ing  artifacts.  This  image  demonstrates  a 
reduction  in  low-frequency  noise. 

DISCUSSION 

For  the  last  2  decades,  efforts  to 
bring  tomosynthesis  into  the  clinical 


environment  have  been  unsuccessful 
(19-27).  These  efforts  have  been  ham¬ 
pered  by  the  lack  of  a  digital,  flat- 
panel  detector  with  rapid  image  read¬ 
out.  Recent  advances  in  detector 
development  have  now  made  clinical 
application  of  tomosynthesis  possible. 
Our  results  indicate  that  breast  tomo¬ 
synthesis  is  capable  of  producing 
high-quality  breast  images  that  may 
contain  information  that  is  currently 
not  visible  with  conventional  imaging. 

Phantom  studies  demonstrate  the 
ability  to  attain  in-focus  planes  and 
the  ability  to  depict  small  microcalcifi¬ 
cations.  Tomosynthesis  images  of  the 
ACR  phantom,  which  has  no  struc¬ 
tured  noise,  demonstrate  an  image 
quality  comparable  with  that  of  con¬ 
ventional  images  at  1.4  times  the  ra¬ 
diation  dose. 

The  value  of  tomosynthesis  imaging 
is  evident  in  images  with  substantial 
structured  noise  from  radiographi¬ 
cally  dense  tissue,  as  demonstrated  in 
the  reader  study.  Although  the  num¬ 
ber  of  specimens  is  small,  tomosyn¬ 
thesis  images  of  mastectomy  speci¬ 
mens  demonstrate  an  improvement  in 
the  depiction  of  lesions.  In  three  of  the 
four  specimens,  lesions  were  seen 
with  tomosynthesis  that  were  either 
not  seen  or  poorly  seen  with  conven¬ 
tional  imaging. 

The  method  proposed  for  tomosyn¬ 
thesis  in  this  study  is  different  from 
most  previous  implementations  be¬ 
cause  the  images  are  obtained  at  dis¬ 
crete  tube  positions  rather  than  continu¬ 
ously  as  the  tube  moves.  Consequently, 
the  blurring  of  structures  is  not  the 
smooth  blurring  typical  of  continuous 
image  acquisition.  For  example,  if 


nine  images  are  used  in  the  tomosyn¬ 
thesis  data  set,  objects  above  or  below 
the  in-focus  plane  will  be  displayed  as 
nine  separate  objects  on  the  recon¬ 
structed  image.  Each  object  will  have 
approximately  one-ninth  the  contrast 
of  the  original  object.  For  high-con¬ 
trast  objects  such  as  a  large  calcifica¬ 
tion,  nine  images  of  the  calcification 
may  be  visible.  Although  we  use  the 
term  "blurring,"  the  images  of  struc¬ 
tures  outside  the  in-focus  plane  are 
essentially  repeated  in  the  direction  of 
x-ray-source  motion.  High-frequency 
information  is  retained,  although  the 
contrast  of  out-of-plane  structures  is 
greatly  reduced. 

Self-masking  tomosynthesis  (Fig  9c) 
reduces  low-frequency  information  in 
the  direction  of  the  x-ray-source  mo¬ 
tion  (27),  Because  of  discrete  sampling 
for  the  proposed  method,  other  im¬ 
age-processing  methods  may  be  better 
suited  to  reducing  the  contribution  of 
out-of-focus  structures  from  planes 
above  or  below  the  in-focus  plane.  A 
method  similar  to  that  of  Kolitsi  and 
colleagues  (30)  will  be  tested  in  the 
future.  This  method  identifies  the 
plane  of  an  out-of-focus  structure  such 
as  a  dense  calcification  and  computes 
its  contribution  to  all  other  planes. 

The  image  of  the  structure  may  then 
be  removed  from  all  planes  except  for 
the  plane  that  contains  the  structure  in 
focus. 

There  are  several  potential  uses  of  to¬ 
mosynthesis  for  breast  imaging.  Tomo¬ 
synthesis  may  prove  to  be  a  v^uable 
screening  tool  in  women  with  radio- 
graphic^y  dense  breasts.  The  ability  to 
see  into  the  middle  of  the  breast  by  blur¬ 
ring  the  superimposed  structures  may 
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Figure  Al.  Geometry 
for  tomos5mthesis  im¬ 
age  reconstruction. 
Diagram  defines  the 
angles,  distances,  and 
coordinate  system  used 
for  the  reconstruction 
algorithms.  Z  =  distance 
above  the  digital  detec¬ 
tor. 


allow  important  improvements  in  the 
sensitivity  of  mammographic  screening 
in  the  early  detection  of  breast  cancer. 
Tomosynthesis  may  depict  cancers  in 
dense  breasts  or  multifocal  cancers  at  a 
small  fraction  of  the  cost  of  magnetic 
resonance  imaging,  which  has  recently 
been  proposed  as  another  method  for 
detecting  these  cancers  (35). 

Tomosynthesis  may  also  be  used  for 
problem  solving  or  diagnostic  breast 
imaging.  Current  mammographic 
techriiques  have  poor  specificity,  as 
70%-90%  of  all  breast  biopsy  results 
are  negative  (36-38).  Tomosynthesis 
may  provide  the  radiologist  with  an 
improved  image  of  a  potential  lesion. 
The  results  shown  in  the  Table  indi¬ 
cate  that  improved  depiction  of  lesion 
margins  may  allow  the  radiologist  to 
have  greater  confidence  in  lesion  clas¬ 
sification  and  decrease  the  number  of 
biopsies  with  benign  results.  It  may 
also  be  possible  to  perform  the  entire 
diagnostic  evaluation  of  a  lesion  with 
tomosynthesis.  Compared  with  cur¬ 
rent  diagnostic  examinations,  in 
which  it  is  necessary  to  obtain  a  large 
number  of  mammograms,  tomosyn¬ 
thesis  may  save  time  and  reduce  pa¬ 
tient  radiation  exposure. 

Tomos5mthesis  will  provide  three- 
dimensional  information  on  the  di¬ 
mensions  of  a  lesion,  on  whether  mi¬ 
crocalcifications  are  associated  with 
a  mass,  and  on  how  they  are  distrib¬ 
uted.  The  three-dimensional  distribu¬ 
tion  of  calcifications  is  thought  to  be  a 
useful  indicator  in  discriminating  be¬ 
tween  benign  and  malignant  lesions 
and  thus  may  also  have  a  positive  ef¬ 
fect  on  clinical  management  (39). 

The  tomosynthesis  method  is 
readily  adaptable  to  current  mammo¬ 
graphic  systems  with  minor  modifica¬ 
tions.  This  geometry  has  several  ad¬ 
vantages:  (a)  there  are  no  moving 


parts  near  the  breast  or  abdomen; 

(??)  existing  mammographic  machines 
may  be  easily  altered  to  allow  this 
type  of  motion,  because  many  already 
provide  the  ability  for  the  tube  to 
move  in  an  arc  above  the  breast;  and 
(c)  a  unit  modified  for  tomosynthesis 
imaging  will  still  be  completely  usable 
for  routine  breast  imaging,  which 
eliminates  the  need  for  a  dedicated 
tomosynthesis  system.  The  develop¬ 
ment  of  motorized  motion  of  the  x-ray 
tube  should  allow  the  acquisition  of 
all  of  the  tomosynthesis  images  in  ap¬ 
proximately  3-5  seconds.  This  is  suffi¬ 
ciently  rapid  to  make  the  system  clini¬ 
cally  applicable,  because  these  exposure 
times  are  similar  to  exposure  times  in 
the  acquisition  of  magnification  views 
with  current  systems. 

In  summary,  these  early  results 
demonstrate  that  tomosynthesis  imag¬ 
ing  may  be  a  valuable  clinical  tool  for 
the  early  detection  of  breast  cancer 
and  the  characterization  of  benign  and 
malignant  lesions. 

APPENDIX 

The  proposed  system  for  breast  to¬ 
mosynthesis  imaging  is  shown  in  Fig¬ 
ure  10.  This  system  requires  a  differ¬ 
ent  image  reconstruction  algorithm. 

As  shown  in  Figure  Al,  the  tomo¬ 
graphic  angle  ^  is  given  by  the  angle 
of  the  X  rays  intersecting  the  perpen¬ 
dicular  to  the  image  plane  at  the  axis 
of  rotation  of  the  x-ray  tube.  For  any 
given  point  in  the  object  (x,2),  we  may 
define  an  angle  0  as  the  angle  of  the  x 
rays  intersecting  that  point  relative  to 
the  perpendicular  to  the  image  plane. 
The  angle  0  is  a  function  of  4),  x,  and  z, 
and  is  given  by  0(4), x,z)  =  arctan 
(Lsin4)  +  x)/(Lcos^  +  D  -  z ),  where 
L  is  the  distance  between  the  axis  of 
rotation  and  the  x-ray-tube  position 


and  D  is  the  distance  between  the  axis 
of  rotation  and  the  image  plane  (as 
defined  in  Fig  Al).  From  this  angle, 
we  may  derive  point  Xi,  which  is  the 
projection  of  the  object  point  (x,z)  onto 
the  image  plane: 

Xi(4),  X,  z)  =  z(L  sin  4>  +  ^) 

/ (L  cos  4>  +  D  “  z).  (Al) 

Xi(4>,x,z)  is  the  image  point  formed  by 
X  rays  emitted  from  an  x-ray  tube  that 
is  rotated  about  the  axis.  The  magnifi¬ 
cation  (M)  of  points  in  the  object  is  a 
function  not  only  of  the  position  z,  but 
also  of  the  angle  4>:  M(4),2:)  =  (Lcos4>  + 
D)/(Lcos4)  +  D  -  z). 

Because  magnification  varies  with  4> 
and  z,  it  is  not  possible  to  reconstruct 
a  tomographic  plane  by  simply  shift¬ 
ing  and  adding  the  digital  images.  To 
facilitate  the  reconstruction,  it  is  help¬ 
ful  to  construct  the  images  that  would 
be  produced  if  the  x-ray  tube  were 
moved  according  to  the  Twinning 
principle  (Fig  1).  Thus,  if  the  x-ray 
tube  were  rotated  by  a  tomographic 
angle  4>/  but  was  constrained  to  re¬ 
main  in  the  horizontal  plane  at  a  dis¬ 
tance  of  L  +  D  from  the  image,  then 
the  angle  of  the  x  rays  intersecting  an 
object  point  would  be  given  as  fol¬ 
lows: 

0'(4),  X,  z)  =  arctan  (Ltan  4>  +  ^) 

/(L  +  D  -  z).  (A2) 

From  Equation  (A2),  it  follows  that 
the  image  point  Xi',  which  is  the  pro¬ 
jection  of  the  object  point  (x,z)  onto 
the  new  image  plane,  is  given  as  fol¬ 
lows: 

x((4>,  X,  z)  =  X  -i  z  (L  tan  4)  +  x) 

/(L  +  D  -  z).  (A3) 

The  proposed  x-ray  gantry  for  digi¬ 
tal  tomosynthesis  produces  images 
with  image  points  as  defined  by  Equa¬ 
tion  (Al).  For  every  Xi  in  the  image, 
we  may  use  the  known  value  of  4>  and 
a  selected  z  to  determine  an  object 
point  X  with  Equation  (Al).  The  val¬ 
ues  of  4)/  and  z  may  then  be  applied 
to  Equation  (A3)  to  determine  a  value 
for  Xi  in  the  new  image.  The  set  of 
new  images  thus  produced  may  then 
be  used  to  reconstruct  a  tomographic 
plane  at  z  by  means  of  a  simple  linear 
shifting  process  that  is  analogous  to 
the  Twinning  method.  An  example  of 
the  method  is  shown  schematically  in 
Figure  5  with  projections  from  tube 
positions  1^. 

The  technique  for  construction  of  a 
new  set  of  images  for  each  desired 
tomographic  plane  results  in  a  small 
distortion  of  image  information  for 
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structures  outside  the  plane.  This  is 
because  the  x-ray  paths  through  the 
object  that  occur  with  rotation  of  the 
focal  spot  about  an  axis  are  slightly 
different  from  those  that  occur  with 
movement  of  the  focal  spot  within  a 
horizontal  plane.  The  magnitude  of 
the  distortion  increases  with  the  dis¬ 
tance  from  the  reconstructed  plane 
and  also  increases  with  the  distance 
from  the  central  axis  of  the  image  (ie, 

X  =  0).  The  distortion  for  all  points 
that  lie  exactly  on  the  reconstructed 
plane  is  zero.  This  off-plane  distortion 
is  small  compared  with  the  blurring 
caused  by  tomography.  Because  it  is 
our  intention  to  blur  the  structures 
above  or  below  the  in-focus  plane,  we 
do  not  expect  that  distortion  produced 
by  this  technique  will  have  any  im¬ 
portant  effects  on  the  tomographic 
image  quality.  The  method  will  allow 
exact  reconstruction  of  all  of  the  ob¬ 
jects  in  the  in-focus  plane.  ■ 
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ital  radiographic  image  before,  and  one  or  more  digital 
radiographic  images  after,  the  injection  of  a  contrast 
agent  such  as  iodine.  The  pte-  and  post-contrast  im¬ 
ages  are  sttbteacted,  residting  in  an  image  of  the  vas¬ 
cular  structures  in  the  breast.  Because  breast  cancer 
lesions  have  increased  vascularity,  digital  subtraction 
mammography  may  play  m  important  role  in  improv¬ 
ing  le^on  detection,  diatacteriaing  lesions,  monitoring 
response  to  therapy,  and  determinating  lesion  extent. 

Thus,  both  of  these  new  digital  techniques  have  the 
potential  to  address  the  major  limitation  of  conven¬ 
tional  mamme^aphyj  namely  the  difficulty  in  detect¬ 
ing  cancer  in  radiographically  dense  breasts. 


ABSTRACT:  Advances  m  t^compttter  bschnotogy 
and  the  introduction  of  new  distal  imagi^  d^*ctors 
offer  the  poteiitial  for  distal  Image  acquisition  and  sev- 
^al  new  mammography  techniques,  stich  ...as  ..tomosyn- 
tbesis  and  digital  subtraction  mamiiiogra|>by. 

Tomosynthesis  is  a  method  of  :  <d)tmnlng  ton}d" 
graphic  unties  of  a  breast.  In  tomosynthmis,  any 
number  of  tomographic  plan^  may  be  reconstructed 
from  a  set  of  images  obtained  as  the  X-ray  source  is 
moved  in  an  arc  above  the  breast^ .  By  i.^fofting:  .and 
^ding  the  information  obtained  at  different  source  po- 
sitidi^  any  plane  of  the  breast  can  be  brmig^t  into 
/  feu^  while  structures  outside  this  selected 

plane  are  blurred.  This  mi^  lead  to  Improyed  lesion 
detection,  especially  in  dense  breast  tiasue,  :  Thus,,  to¬ 
mosynthesis  may  play  arole  in  improving  bre^  cancer 
screening  and  l^ion  characterization. 

Digit^  subtraction  mammogr^hy  is  a  .method  .of 
breast  angiography.  It  is  performed  by  obtaining  a  dig- 


mimmmGmoN 

Primarily,  mammography  does  not  detect 
breast  cancers  because  the  cancer  is  masked 
by  nornud  radiographic^y  dense  fibrogltodu- 
lar  breast  tissues  that  may  be  overlying  or 
encompassing  the  cancer  (1-7).  Holland  et 
al.  found  that  76%  of  missed  cancers  were  in 
dense  breasts  (1).  The  radiographic  image  of 
these  normal  breast  structures  is  referred  to  as 
“structured  noise.”  The  new  digital  mammo- 
graphic  techniques,  tomoeynthesis  and  digital 
subtraction  mammograpl^,  are  capable  of  re¬ 
ducing  structured  noise  in  an  image;  therefore, 
they  offer  the  potential  for  improved  breast 
cancer  detection. 
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Film-screen  Systems 

Current  mamm<^aphic  images  are  obtained 
tising  analog  sereen-61m  systems  as  the  im¬ 
age  detector.  X-rays  passing  through  the 
breast  are  absorbed  in  the  phosphor  screen, 
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which  emits  light.  The  light  from  the  phos¬ 
phor  exposes  the  film,  which  is  developed  to 
obtain  a  mammogram.  Screen-filiii  systems 
have  evolved  over  many  years  to  curreht  sys¬ 
tems  that  have  high  resolution,  and  high  im¬ 
age  contrast.  Although  the  image  quality  ob¬ 
tained  with  these  analog  systems  is  very  good, 
these  systems  have  certain  limitatiohs.  Cur¬ 
rent  screen-film  systems  have  very  high  con¬ 
trast,  thus  improving  the  visibility  of  lesions. 
However,  this  high  contrast  comes  at  the  ex¬ 
pense  of  the  dynamic  ramge.  As  a  tesult, 
some  areas  of  the  image  may  be  preSeiited  in 
the  range  of  film  density  with  high  contrast, 
where<ts  other  areas,  such  as  an  area  of  dense 
tissue,  may  be  presented  at  low  film  density 
with  low  im£^e  contrast. 

Other  limitations  of  screen-film  systems  in¬ 
clude  image  noise  from  the  film  and  the  film 
processor,  dfficulty  in  obtaining  coitsistent 
image  quality,  and  the  fixed  image  presenta¬ 
tion.  Maintaining  a  consistent  un^e  quality 
for  analog  screen-film  mammography  r^Uires 
constant  monitoring  and  testing,  with  the  film 
processor  being  the  primary  source  of  instabil¬ 
ity.  Film  processors  also  may  add  artifacts  to 
the  images  thus  degrading  image  qd^ty.  The 
film  itself  may  be  a  source  of  noise  because  of 
the  size  and  distribution  of  silver  hdhdie  j^ains 
in  the  film  emulsion.  In  addition,  the  tise  of 
an  analog  film  limits  the  ability  to  use  digital 
image  processing.  Finally,  ardhiving  eif  film  re¬ 
quires  large  storage  areas  and  expehsiye  film 
library  management.  If  a  study  is  lost,  the 
information  is  irretrievable. 

Digital  Detectors 

Digital  detectors  are  expected  to  replace 
anadog  film-screen  systems  because  digital  de¬ 
tectors  address  many  of  the  limitations  6f  ana¬ 
log  mammography  (8-10).  Digital  detectors 
are  expected  to  have  much  wider  dynamic 
range,  provide  consistency  of  ima^  qumity, 
eliminate  film  granularity,  and  altqW  post¬ 
processing  of  the  image.  Although  the  clin¬ 
ical  evaluation  of  digits  mammography  sys¬ 
tems  has  only  begun  recently,  many  of  the 


benefits  of  digital  imaging  have  been  demon¬ 
strated  with  digitm;  to  of  other  organs 
or  regions,  such  as  the  di^t  (11).  Additional 
benefits  of  thgital  tnammqgraphy  include  the 
ability  to  archive  the  nh^es  on  tape  or  op¬ 
tical  discs  and  the  ability  to  transmit  images 
rapidly. 

The  ability  to  perform  image  processing  is 
the  primary  benefit  of  digital  imaging  that 
will  make  tomosynthesis  and  digital  subtrac¬ 
tion  mammography  possible.  Both  tomosyn¬ 
thesis  and  digital  subtraction  mammography 
require  mathllliaticai  processing  of  the  origi¬ 
nal  images. 

TOMOSYNTHESIS 

Background 

Tomosynthesis  is  similar  to  conventional 
X-ray  tomo^aphy.  Conventional  tomogra¬ 
phy  is  performed  with  a  single  exposure  and 
a  single  is  gtoer^^^  On  the  other 

hand,  tomosynthesis  is  performed  by  acquir¬ 
ing  multiple  images  with  a  digital  detector. 
Like  conyetoiotot  fcbmography,  tomosynthesis 
may  be  performed  utog  many  different  tube 
motions  including  linear,  circular,  elliptical, 
hypocycloidaJ,  and  others.  The  geometry  used 
for  conventional  linear  tomography  is  demon- 
strated  inlPi^e  1.  IJsing  this  method,  aD  ob¬ 
jects  are  blttoed  Vsith  the  ^ception  of  those 
at  the  fiilcrum  of  the  tomographic  motion . 
The  blurring  of  obj^ts  above  or  below  the  in¬ 
focus  plane  will  reduce  the  “structured  noise” 
from  these  plto^^  tod^  i^^  provide  improved 
visibility  of  sttucttires  lOGated  at  the  in-focus 
plane. 

'Ibmosynthesis  may  be  performed  with  the 
geometry  used  at  Our  institution  as  shown  in 
Figure  2  (12).  Multifile  images  are  obtained 
as  the  tube  moves  above  the  object.  Images 
are  acquired  tming  either  a  step  and  expose 
method  (the  tube  is  stationary  for  each  expo¬ 
sure  and  then  moves  to  the  next  position),  or 
with  a  continuous  exposure  method  with  rapid 
image  readout  (multiple  images  are  acquired 
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Fig.  1.  The  Twinning  geometry  used  for  conymtional  iine^  tomographic  The  X-ray  source  and  detector 

move  parallel  to  the  in-focus  The  ih-fpcms  pl^e  is  of  the  motion. 

(Eeprinted  with  permisitm  j6x>m  ^he  Nikla^h  I/f,  Christian  BT,| 

Niklason  LE,  et  al.  Digital  tomosynthesis  in  or^^  ftadiolbjgy  206:^  j 


Fig.  2.  A  geometry  for  breast  tomosynthesis.  The  X-ray  source  moves  in:  ^  The  X-ray 

source  is  stationary  during  each  X-ray  exposure  and  is  then  moved  along  the  arc  to  the  next  positicm.  The  number 
of  positions  is  variable.  The  breast  and  digital  detector  remain  stationary.  (Reprinted  with  permision  brom  the  | 
Radiological  Sodety  of  North  Ainerica.  t¥it]^r^^  Distal  tomosynthesis  | 

in  breast  imping.  Radiology  1997;  205:399^06).  .. 
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as  the  tube  moves).  By  shifting  and  adding 
the  digital  images  thus  obtained,  it  is  possible 
to  reconstruct  any  plane  in  the  breast  that  is 
parallel  to  the  detector  (13-16).  Other  struc¬ 
tures  outside  of  the  in-focus  plane  ate  blurred 
because  they  are  misregistered. 

Tomosynthesis  has  several  advantages  over 
conventional  tomography.  First,  tomosynthe¬ 
sis  has  an  important  radiation  dose  advantage, 
since  aU  of  the  images  comprising  one  study 
are  obtained  with  a  total  dose  apprcadmately 
equal  to  one  conventional  manuho^am  (Sin¬ 
gle  view).  In  contrast,  using  couvmitidnal  to¬ 
mography  to  image  an  avera^  brSast  vidth  a 
compressed  breast  thickness  of  4.5  cm  would 
require  15  tomograms,  each  with  a  ritdiation 
dose  similar  to  a  sin^e  mammogtam,  to  dis¬ 
play  the  entire  breast  if  the  indOOuS  plane 
width  were  3  mm.  Therefore,  conventional 
tomography  would  require  approximately  15 
times  more  radiation  dose  than  toittcwyhithesis 
for  a  breast  of  average  thickness. 

Second,  digital  image  processing  can  be  ap¬ 
plied  to  improve  tomosynthetic  iUmge  qual¬ 
ity.  One  method  to  reduce  artifUbts  from 
out-of-focus  structures  utilizes  a  one  :ditnen- 
sional  unsharp  masking  technique  called  self- 
masking  tomo^thesis  (17-19).  Additional 
methods  to  reduce  the  contribution  of  out-of¬ 
focus  structures  in  the  in-focus  plane  have  also 
been  reported  (20-22).  These  tebhniques  may 
produce  tomosynthetic  images  that  are  sub¬ 
stantially  better  than  conventional  tomogra¬ 
phy  images. 

Researchers  have  attempted  to  u%  tomosyn¬ 
thesis  for  clinical  X-ray  ims^ing  fOf  tho  past 
two  decades  (14-19,23-30).  These  d^btts  have 
used  several  detector  systems  and  involved 
imaging  for  a  wide  range  of  exa.ms.  tjnfor- 
tunately,  the  image  detectors  have  liinitOd  the 
success  of  these  previous  attempts  at  digital 
tomosynthesis. 

Methodology 

For  breast  tomoS3mthesi8,  seven  to  nine  pro¬ 
jection  imag^  may  be  obtained,  each  at  a  low 


radiation  dq^;  therefore,  the  total  dose  from 
all  projection  images  comprising  one  study  is 
equal  to  of  slightly  higher  than  the  radiation 
dose  from  a  Sih^e  view  manimogram.  Af¬ 
ter  data  acqpi^tion  is  cOfopfote,  the  images 
are  reconstfdCied  using  ^a^  outlined  in 

Figure  3.  Ah  initial  in-focus  plane  is  chosen 
for  the  reconstruction,  and  the  correct  image 
shifts  afe  calculated  to  reconstruct  a  tomtv 
gram  at  the  chosen  height  above  the  detector. 
By  shifring  the  im£^es  only  the  plane  of  inter¬ 
est  remains  registered  in  all  images,  effectively 
blurring  the  remaining  plmies  due  to  misreg¬ 
istration.  This  process  is  repeated  for  each 
selected  in-focus  plane  of  the  breast  such  that 
all  of  the  %east  is  shbtvn  in  Sharp  focus  on 
at  least  one  tomogram.  The  imagts  may  then 
be  viewed  hither  by  pfihtihg  e^  plane  on  a 
film  or  tiSihg  a  computer  workstation  display 
system.  The  reconstruction  algorithms  are  de¬ 
scribed  in  detail  by  Niklasoii  et  al.  (12). 

The  tomosynthesis  method  is  adaptable  to 
current  mammography  systems  with  minor 
modifications.  Exiting  mammography  sys¬ 
tems  dlow  the  motion  of  the  X-ray  tube  in 
an  arc  relative  to  the  detector.  This  motion 
has  been  used  for  obtmning  stereo  image  pairs 
but  m^  be  modified  to  obtain  tomosynthesis 
ima^.  It  is  not  necessary  to  build  a  separate 
unit  to  perform  tomosynthesis  since  the  same 
unit  would  be  usable  for  conventional  mam¬ 
mography. 

Results 

The  major  benefit  of  tomosynthesis  is  con¬ 
ferred  by  its  ability  to  reduce  structured  noise, 
allowing  improved  visualization  of  internal 
breast  structures  and  lesions.  Figure  4  shows 
conventional  (a)  and  tomosynthesis  (b)  images 
of  a  region  of  a  mastectomy  specimen.  This 
region  of  the  specimen  contains  a  mass  and  an 
area  of  architectural  distortion  with  a  radial 
splculated  pattern.  The  tomosynthesis  image 
shown  in  Figure  4  (b)  demonstrates  the  mass 
margins  better  and  also  demonstrates  the  ar¬ 
chitectural  distortion  better  than  the  conven¬ 
tional  image.  In  this  case,  the  total  radiation 
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Fig.  3.  A  diagram  of  the  tomosynthesis  reconstructioa  method  showing  four  tube  positi<ms.  Only  four  X-ray 
tube  p<»itioM  are  shown  for  simplicity,  typically  more  source  positions  would  be  us^.  Ixuages  are  obtained  from 
the  four  positions  labeled  lliese  mmges  ajre  transformed  to  construct  images  that  would  be  obtained  from 
source  positions  la~4a.  After  transformation  these  images  are  shined  and  combined  to  create  a  tomosynth^is 
image  at  any  level  in  the  breast.  (Eepiinted  with  permMon  from  the  Eadibldgical  Society  of  North  America.l 
From:  Niklason  LT,  Chiistiah  BT,  Niklason  LE,  ei  al.  Digital  tomosynthesis  in  breast  imagings  Radiology  1^7;  1 
205 : 399*~406 )  - 
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Fig.  4.  Images  of  a  mastectomy  specimen  containmg  a  mass  on  the  left  and  im  oif  kftiBiitectiira^  distortion  in 
center  right  t^on  of  the  tm^. 

(a)  Conventibnal  cBgital  image  of  the  mastectomy  spedmen. 

(b)  Tomosynthesis  image  with  the  in-fociis  plane  at  a  level  of  4.45  cm  above  the  detector,  demonstrates  the  mass 
and  an  area  of  architectural  distortion  with  a  radial  spiculated  appearance. 


dose  for  the  toiiios3mthesis  images  livas  11% 
less  than  that  from  the  single  conventional  im¬ 
age.  Thus,  even  at  a  radiation  dose  less  than  a 
single  mammogram,  the  tomo^thesis  imi^ 
provide  iniproved  lesibii  visibililgr  compared  to 
conventional  techniques. 

Figure  5  demonstrates  another  specimen 
image  of  a  large  mass  in  a  relatively  fritty 
breast.  This  mass  was  easily  detected  with-^ 
out  tomosynthesis,  however,  close  inspection 
of  the  tomo^thesis  image  does  reveal  im¬ 
proved  inuring  of  structures,  such  as  the  Cop¬ 
per’s  ligaments. 

Phantom  images  of  the  American  College  of 
Radiology  breast  phantom  and  others  demon¬ 
strate  the  ability  of  tomosynthesis  to  dfeplay 
small  calcifications,  masses,  and  simulated 
spiculations  at  a  level  stifiicieht  to  pass  the  ^- 
creditation  process  for  mammography  devices 
and  at  a  radiation  dose  below  the  accredita¬ 
tion  limits  (12). 

Tomosynthesis  provides  a  series  of  tomo¬ 
grams  encompassing  the  entire  breast,  with 
each  image  displaying  only  one  plane  of  the 
breast  in  sharp  focus.  The  thidcness  of  the 
in-focus  r^ion  displayed  in  sharp  focus  is 
dependent  on  the  total  ahgle  of  X-^ray  tube 
travel.  Fbr  example,  if  the  X^ray  tube  is 
moved  through  a  40  degree  arc,  the  m-foctis 
plane  thickness  would  be  apprcscimatdiy  2.5 
mm.  If  the  tube  trails  through  a  smaller 


arc,  objects  above  or  below  the  plane  are 
less  blurred,  and  the  thickness  of  the  in-focus 
plane  is  increased.  For  a  10  degree  X-ray  tube 
arc,  the  in-focus  plane  thickness  increases  to 
approxitnately  10  mm. 

Experiments  to  date  have  been  limited  to 
phantoms  and  specimens  because  the  X-ray 
source  is  moved  manually.  The  fast  acquisi¬ 
tion  times  requfred  for  dinical  im^ng  will 
require  a  motorized  X-ray  source  motion.  The 
development  of  motorized  X-ray  tube  motion 
may  allow  the  acquisition  of  all  projection  im¬ 
ages  in  approximately  three  to  five  seconds  (a 
single  breath  hold).  This  may  be  sufociently 
rapid  to  make  the  system  clinically  applica¬ 
ble,  since  these  exposure  times  are  similar  to 
magnification  views  with  current  systems. 

DisCifasioti 

The  major  conclusions  from  previous  phan¬ 
tom  aud  specimen  imaging  (12)  include; 

(a)  tomosynith^is  may  be  performed  at  a 
low  radiation  dose  similar  to  conventional 
mamrnqgraphy; 

(b)  tomosynth^is  improves  the  visibility  of 
a  lesion  and  its  margins  and  increases  the 
confidence  in  lesion  classification;  and 

(c)  the  new  generation  of  digital  detectors 
will  make  breast  tomosynthesis  practical. 
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Fig.  5.  (a)  A  conventional  pi^ojection  ki^e  Qf  niass. 

(b)  Tomosynthesis  image  reconstructed  at  tbe  level  of  the  center  of  the  mass.  The  m  is  easily  seen  in  the 
conventional  view,  however,  some  structures  sttdbi  as  the  iiig&shts  are  tomosynthesis. 
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Toinosyiithesis  may  be  useful  as  a  screening 
device  and  as  an  aid  in  problem  ^lymg  inam- 
mography.  As  a  screening  device,  toiiiceynthe- 
sis  may  prove  to  be  a  valuable  tool  for  women 
with  radiogrs^hically  dense  breasts.  The  abil¬ 
ity  to  “see  into  the  middle  of  the  breast”  by 
blurring  the  superimposed  structures  will  po¬ 
tentially  allow  significant  improvethehts  in  the 
sensitivity  of  mammography  screening. 

Many  women  are  recalled  for  fiirther  eval¬ 
uation  because  superimposed  hOrnial  tissues 
may  appear  suspicious.  Using  tOMosyhthesis 
for  the  screening  exam  may  avoid  rec^l  for 
this  group  of  women,  since  the  tomosynthesis 
im£^es  may  facilitate  differehtiatioh  of  a  lesion 
from  superimposed  tissue. 

In  problem  solving  mammography,  it  may 
be  possible  to  perform  the  entire  etMuation  of 
a  lesion  with  tomos3rnthesis,  thus  reducing  the 
total  radiation  exposure  compared  to  a  stan¬ 
dard  diagnostic  examination,  which  may  in¬ 
volve  many  mammograms.  Current  mammO- 
graphic  techniques  have  poor  specificity,  since 
70-90%  of  all  breast  biopsies  are  ii«^ative  (31- 
33).  Tomosynthesis  may  provide  the  radiolo¬ 
gist  with  an  improved  image  of  a  poteutiid  le¬ 
sion  by  blurring  the  structures  above  and  be¬ 
low  the  lesion.  This  may  allow  the  radiologist 
to  have  improved  confidence  in  lesion  classifi¬ 
cation  that  may  lead  to  a  decreU^  number 
of  negative  biopsies.  The  improi^d  visualiza¬ 
tion  of  lesion  borders  may  also  revCal  Spicular 
tions  that  are  characteristic  of  mUlighant  le¬ 
sions.  Moreover,  as  tomosynthesis  is  a  volu¬ 
metric  imaging  technique,  it  provide  informa¬ 
tion  about  the  dimensions  of  a  leSiohj  urhether 
microcalcifications  are  associated  Mth  a  mass, 
and  how  they  are  distributed.  This  is  im¬ 
portant  since  the  three-dimensional  distribu¬ 
tion  of  calcifications  is  thought  to  be  a  use¬ 
ful  indicator  in  discriminating  benign  Versus 
malignant  lesions  (34).  Toittc^nthesss  has 
the  potential  to  detect  multifoc^  cancer  din¬ 
ing  the  problem  solving  evaluation  of  a  lesion 
at  a  small  fraction  of  the  cost  of  m^^etic 
resonance  imaging,  which  recently  has  been 
proposed  as  a  method  of  detecting  multifocal 
breast  cancer  (35). 


Tomosynthesis  may  be  performed  with  less 
compression  than  conventional  mammogra¬ 
phy  because  it  is  not  critical  to  spread  the 
breast  structures  parallel  to  the  detector.  Ac¬ 
tually,  the  stiuctures  above  and  below  the 
plane  of  interest  are  more  blurred  (thus,  it  is 
easier  to  see  through  th^  structures)  when 
less  compression  is  u^.  Less  compression  re¬ 
sults  in  inerted  patient  comfort  and  com¬ 
pliance,  which  is  important  as  breast  com- 
pre^ion  is  a  nrUjOr  source  of  complaints  in 
mammography  and  may  reduce  screening  fre¬ 
quency  and  compliance.  However,  some  com¬ 
pression  is  still  needed  to  hold  the  breast  sta¬ 
tionary  and  to  rUdUce  the  breast  thideness  in 
order  to  tniiiiimize  the  radiation  dose. 

Resi^^  liiireetioiiis  For  Future 
Develdptrieiit 

To  date,  work  on  breast  tomosynthesis,  al¬ 
though  pfolimma^,  has  been  encouraging. 
I^iture  studii^  tt^ed  to  develop  tomosynthe¬ 
sis  into  a  routine,  climCal  tool  include: 

--  Further  phantom  and  specimen  studies  to 
optimize  the  imaging  parameters. 

-  Motbrizatioh  of  X-ray  somce  to  allow 
rapid  image  acquisition. 

-  Image  processing  and  display  develop¬ 
ment. 

-  A  clinical  comparison  of  digital  imaging 
versus  diptai  tomosynthesis. 


DIGITAL  SUBTRACTION 
hiAMMOGRAPHY 

Background 

Breast  tumor  growth  is  strongly  dependent 
on  angiogenesis  and  adequate  delivery  of  nu¬ 
trients.  For  increases  to  occur  in  the  tumor 
cell  populatidni  an  increaifo  iii  new  capillary 
poVith  must  also  occur  to  provide  a  suffi¬ 
cient  delivery  of  glucose  and  eatygen  for  cell 
prohfe^ation  (36).  The  increased  vessel  den¬ 
sity,  as  compared  to  the  adjacent  normal  tis¬ 
sue,  may  prdvide  a  method  for  detecting  early 
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stage  cancers.  In  non-small  cell  lung  cancer, 
Macchiarini  et  al.  (37)  have  shewn  that  the 
microvessel  density  count,  the  best  method 
currently  available  for  the  assessment  of  an¬ 
giogenesis,  is  a  major  predictor  of  metastasis. 
They  also  show  that  angiogenesis  significantly 
corrdates  with  late  treatment  fauiure  due  to 
metastases  that  occur  at  a  critical  microvessel 
density  in  the  tumor- (38).  Ah^Og^^ls  and 
tumor  vascularity  also  play  a  mlei^nt  tole  in 
the  biologic  aiggressiveness  of  early  bireaet  can¬ 
cer,  and  patients  with  highly  vascid^ized  tu¬ 
mors  have  been  shown  to  be  at  higher  risk 
of  tumor  recurrence  (39).  Mor^vi^,  evi¬ 
dence  shows  that  trunor  vascular  ph^ibloj^  is 
demonstrably  different  &om  that  Seen  ih  nor¬ 
mal  breast  tissue  (40-42)^  Contrast  i^ent  up¬ 
take  rate  has  been  shown  to  correlate  with  the 
microvessel  density  in  a  tumor  (41,43)  and  to 
be  higher  in  malignant  tumcMrs  than  in  benign 
lesions  (42,44).  However,  a  significant  overlap 
has  been  demonstrated,  reducing  the  value  of 
this  parameter  in  distmguishihjgbettiiieett  these 
possibilities  (43,44).  Buadu  et  al.  have  sug¬ 
gested  that  a  combination  of  anatoihic^  and 
physiological  features  may  lead  to  improved 
diagaosis  of  breast  cancer  (43). 

Digital  subtraction  angiography  of  the  breast 
is  a  method  of  imaging  a  tumor’s  Vi^CuIhr 
morphology.  We  will  refer  to  dij^tM  subtrac¬ 
tion  angiography  of  the  breast  as  digital  sub¬ 
traction  mammography  (DSM).  Dieted  Sub- 
tr^lction  mammography  may  have  a  role  in; 

(a)  early  detection  of  breast  cancer, 

(b)  improved  differentiation  of  behiign  from 
malignant  lesions, 

(c)  determkiatkm  of  the  s^ressiveness  of  a 
tumor  by  assessing  the  microvessel  den¬ 
sity, 

(d)  improved  determination  of  csmcer  ex¬ 
tent  by  identifying  the  area  of  increased 
vascularity,  and 

(e)  monitoring  the  effectiveness  of  therapy. 

Conventional  mammogriqihy  allcws  detec¬ 
tion  of  many  cancers  in  the  5-8  mm  rat^e 
(32,35),  although  even  larger  cancers  may  be 
difficult  to  detect  in  radiogmphic^ly  debim  tis¬ 
sues. 


Methodology 

Distal  subtraction  mammography  is  per¬ 
formed  by  obtsining  a  mask  image  before  and 
one  or  more  iodine  images  after  or  during  in¬ 
jection  of  contrast.  The  mask  image  is  sub¬ 
tracted  frimi  eadi  eff  the  iodine  images  to  re¬ 
move  all  of  the  normal  anatomy  and  obtain 
an  inu^e  of  the  vasculature.  The  subtraction 
process  removes  the  structured  background 
that  may  reduce  cancer  detection  in  conven¬ 
tional  mammography.  DSM  was  applied  to 
breast  imaging  by  Watt  et  al.  (45)  in  the 
early  198(te.  Watt  and  colleagues  were  suc¬ 
cessful  in  demonstrating  differences  between 
tumor  and  normal  brei^t  tissue;  however,  the 
method  was  not  wiidtiy  used  because  of  the 
low  spatial  resolution  and  ^atial  distortion 
resultii^  firom  the  use  of  axt  image  intensifier. 
Digital  detectors  with  high  relation,  mini¬ 
mal  distortion  and  rapid  image  readout  have 
been  developed  whibb  may  make  breast  DSM 
practical. 

Results 

We  have  investi^ed  a  digits  mammogra¬ 
phy  imagii^  system  (General  Electric,  Mil¬ 
waukee,  WI)  as  a  potential  system  for  breast 
DSM.  Silicon  and  siHca  tubing  with  inner  lu¬ 
men  diameter  of  0.049  to  0.76  mm  was  placed 
on  a  5  cm  breast  etpivalent  material  (BR12) 
approximating  50%  &t/50%  glandular  breast 
tissue.  Images  were  obtained  with  the  tub¬ 
ing  filled  with  saline  and  then  with  an  iodine 
concentration  of  40  mg/cm^.  Figure  6  demon¬ 
strates  DSM  images  of  this  phantom  using 
the  digital  mammography  system  (a),  and  a 
state-of-the-art  neuroangtography  equipment 
(b)  (Toshiba  Medical  Systems,  Tustin,  CA). 
The  latter  image  was  obtmned  to  compare  the 
capabilities  of  a  state-of-the-art  angiography 
room  to  that  of  the  new  fiat  panel  mammogra¬ 
phy  detectors.  Clearly,  the  new  detectors  are 
capable  of  displaying  vessels  with  a  150  micron 
inner  lumen  while  state  of  the  art  angiography 
equipment  may  display  vessels  between  250  to 
375  micron  inner  lumen. 


PiK  6  Images  of  a  phaatMn  composed  «rf  5  cm  of  breast  equivalent  matmid,  with  tu^  from  49  to  760  microns 
in  inner  lumen  diameter.  The  tubes  are  jBUed  fert  with  saUne  and  th^  wth  40injg/cm  <rf  Kxfane. 

(a)  A  distal  su1>tra<^tAy^  of  pkaiitom  obtatned  ming  4S  *n»l  spot  size,  15  mAs, 

Rhodium  target  and  RhcMdUtttti  iW  to.  --i:- ^ 

(b)  A  digital  subtraction  angic^ram  obtained  from  a  state-of-the-art  nmi^^o^^hy  i^*a- 

obtained  at  60  kVp,  with  a  Tm^twi  tar^.  Aluminum  filtration,  SK  mdi  field  of  view,  five  mAs,  0.3  mm  focal 
spot  and  a  magnification  i)f  1-5- 


Figure  7  demonstrates  a  DSM  image  of  a 
VX2  tumor  implanted  in  the  leg  of  a  rabbit. 
VX2  carcinoma  is  an  anaplastic  squamous  cell 
tumor  that  results  from  a  maJignaht  change  of 
a  Shope  virus-indUced  skin  papilloma  of  the 
domestic  rabbit  and  demonstrates  hi^  angio¬ 
genic  capacity  (46).  In  Figure  7  (a) j  which 
is  an  image  obtained  beftwe  contrast  material 
has  arrived,  the  tumbf  is  not  seen.  Figure  7 
(b)  was  obtained  10  seconds  after  a  venous  in¬ 
jection  of  contrast  and  clearly  demonsfrates 
the  small  vessels  surrounding  the  tumor.  Fi¬ 
nally,  Figure  7  (c)  is  a  DSM  image  obtained 
by  subtracting  an  im^e  obtmned  30  seconds 
after  injection  from  the  mask  image  ohtedned 
prior  to  the  injection  ctf  contrast.  In  this  su^ 
traction  image,  a  highly  vascularized  tumor  is 


seen  clearly. 

The  initial  phantom  tmd  animal  studies 
have  dononstrated  the  ability  of  a  digital 
maiumcgtaphy  system  to  demonstrate  tumor 
vessels  of  the  order  of  0.15  mm  which  are 
much  smaller  than  seen  with  any  other  cur¬ 
rent  im^ng  modafity.  The  images  of  a  VX2 
tumor  in  rabldt  also  demonstrate  the  ability 
of  DSM  to  display  a  cancer  lesion  that  is  not 
visible  using  conventional  radiography. 

Disdtiksibtt 

Digital  subtraction  mammography  has  a 
potential  for  detecting  cancers  earlier  than 
anatomical' techniqiieSi  Since  a  tumor  must, 
recruit  new  microvasculature  to  grow,  it  may 
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be  possible  to  find  small  cancer  of  less  than 
5  ram  in  diameter.  However,  it  will  be  neces¬ 
sary  to  perform  clinical  studies  to  determine 
at  what  size  an  area  of  increased  vascular¬ 
ity  may  be  called  suspicious  and  differentiated 
from  normal  breast  vasculature.  The  ability  to 
find  early  cancers  may  initially  have  a  role  in 
high-risk  populations.  Two  groups  that  may 
benefit  would  be  women  with  a  genetic  pre¬ 
disposition  to  breast  cancer,  and  women  who 
have  undergone  breast  cancer  therapy. 

The  digital  mammography  system  offers  an 
advantage  of  much  higher  spatial  resolution 
than  CT  or  MRI,  whi^  have  also  been  used 
to  assess  tumor  vascularity.  In  additidn,  DSM 
will  require  much  less  radiation  dose  than  CT 
and  will  cost  significantly  less  than  NfRI.  For 
detection,  breast  DSM  may  require  only  two 
mammograms,  pre-  and  post-contrast,  which 
would  require  a  radiation  dose  of  approxi¬ 
mately  two  mammograms. 

The  early  studies  involving  contrast  en¬ 
hancement  using  either  MRI  or  DSM  have  in¬ 
dicated  some  overlap  in  the  enhancement  pat¬ 
terns  of  benign  and  imdignant  lesions  (43,45). 
However,  Buadu  et  al.  (43)  have  suggested 
that  the  combination  of  morphology  and  dy¬ 
namic  enhancement  may  allow  the  differentia¬ 
tion.  Digital  manunography  will  be  cajpable  of 
showing  the  lesion  morphology  and  it  will  be 
possible  to  image  rapidly  and  with  high  resolu¬ 
tion  the  enhancement  pattern  during  ccmtrast 
kinetics  in  a  tumor.  In  MRI  ims^hg  there  is 
a  tradeoff  between  the  imaging  speed  and  the 
resolution.  For  small  voxels  on  the  order  of 
a  cubic  millimeter,  it  is  currently  not  possible 
to  image  rapidly  enough  to  get  an  adequate 
measurement  of  the  dynamics  of  tumor  en¬ 
hancement.  The  r^uiiation  dose  and  large  field 
of  view  limit  the  usefulness  of  CT  for  breast 
imaging. 

Current  mammographic  and  pathologic  meth¬ 
ods  have  difficulty  in  determining  the  extent 
of  a  breast  cancer.  Tlreatment  depends  upon 
surgical  excision  of  the  bulk  of  the  tumor,  and 
external  radiation  is  used  to  destroy  any  tu¬ 
mor  remaining.  The  surgeon  is  often  unable 


to  determine  the  extent  of  the  cancer  during 
excision,  and  the  pathologist  samples  only  a 
small  fraction  of  the  excised  tissue.  As  a  re¬ 
sult,  DSM,  which  will  image  the  tumor  vascu¬ 
lature,  may  improve  the  ability  to  identify  the 
tumor  margins  and  may  assure  a  more  com¬ 
plete  excision  of  the  tumor.  Identifying  the 
tumor  extent  could  potentially  reduce  local 
cancer  recurrence  and  save  lives. 

Radiation,  chemical,  or  angiogenesis  in¬ 
hibitor  therapy  may  alter  the  tumor  vascu¬ 
lar  structure  and  fhiiction.  Digital  subtraction 
manunography  provides  a  tool  for  monitoring 
a  therapy  that  is  targeted  to  vasculature  and 
may  provide  an  early  indication  of  treatment 
success.  Therefore,  using  DSM  has  the  poten¬ 
tial  to  tell  if  a  therapy  is  working  and  to  allow 
adjustments  in  both' the  type  and  dosage  of 
therapy  without  Imvihg  to  wait  for  a  change 
in  tumor  size. 

Research  Directions  For  Future 
Development 

The  investigation  of  breast  DSM  has  just 
begun.  The  work  needed  to  test  the  clinical 
efficacy  of  the  technique  includes: 

—  Evaluation  of  the  clinical  benefits  of  DSM 
for  breast  cancer  detection,  initial  exper¬ 
iments  may  be  on  high-risk  groups. 

-  Functional  measurements  of  tumor  vas¬ 
cularity  to  determine  tumor  perfusion,  in 
addition  to  moi^hOlp^cal  measiurements. 

-  Determination  of  whether  differentiation 
between  benign  and  malignant  lesions  is 
possible  using  DSM. 

-  Determination  of  the  usefulness  of  DSM 
in  monitoring  therapy. 

-  Evaluation  of  the  effects  of  compression 
on  DSM. 


SUMMARY 

Tomosynthesis  and  digital  subtraction  mam¬ 
mography  address  the  majOr  limitation  of  cur¬ 
rent  mammography  imaging  methods,  namely 
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the  difficulty  of  finding  cancer  in  radio^aph- 
ically  dense  breast  tissue.  Both  teCh^ques 
are  capable  of  reducing  structured  ndise  for 
normal  breast  anatomy  to  allow  improved  vi¬ 
sualization  of  cancer.  Tomosynthe^  rediites 
structured  noise  by  blurring  structure  above 
or  below  the  plane  of  interest.  Digital  subtrac¬ 
tion  mammography  reduces  structured  noise 
by  subtraction  of  normal  breast  anatolhy,  re¬ 
sulting  in  an  image  of  breast  vasculattwe.  In 
fact,  it  may  be  possible  to  combiue  the  two 
methods  to  offer  further  improvement  (25). 
Tomosynthesis  and  breast  DSM  may  offer 
some  of  the  major  benefits  in  the  change  from 
analog  to  digital  breast  imaging. 
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